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Abstract
The expressions for temperature-dependent magnetic circular dichroism (MCD) of the ferryl heme (Fe4Por, S = 1), which
is a model of an intermediate product of the catalytic cycle of heme enzymes (compound II), have been derived in the
framework of a two-term model. Theoretical predictions for the temperature and magnetic field dependence of MCD
intensity of the ferryl heme are compared with those of the high-spin and low-spin ferric heme. Analysis of reported MCD
spectra of myoglobin peroxide [Foot et al., Biochem. J. 2651 (1989) 515^522] and compound II of horseradish peroxidase
[Browett et al., J. Am. Chem. Soc. 110 (1987) 3633^3640] has shown the presence in the samples ofV1% of a low-spin ferric
component, which, however, should be taken into account in simulating observed temperature dependences of MCD
intensity. The values of two adjustable parameters are estimated from the fit of the observed and simulated plots of MCD
intensity against the reciprocal of the absolute temperature. One of them, the energy gap between the ground and excited
terms, predetermines the axial zero-field splitting. The other parameter is correlated with the energy of splitting of excited
quartets arising from either the porphyrin ZCZ* transition or the spin-allowed charge-transfer transition. ß 2001 Pub-
lished by Elsevier Science B.V.
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1. Introduction
Temperature-dependent magnetic circular dichro-
ism (MCD), which is the absorption di¡erence of
left and right circularly polarized light induced by
an external magnetic ¢eld, appears to be a very suit-
able method for studies of hemoproteins. A strong
temperature dependence of MCD spectra of para-
magnetic molecules is predicted by the general theory
[1,2], and has been demonstrated for all paramag-
netic derivatives of hemoproteins (for review see
[3,4]).
An adequate theoretical model is needed to get
reliable quantitative information from temperature-
dependent MCD spectra. Schatz et al. [5] derived a
theoretical expression for the saturation behavior of
MCD against H/T for an allowed electronic transi-
tion between two ‘isolated’ Kramers doublets. Thom-
son and Johnson [6] applied the expression to low-
spin ferric hemoproteins. The information extracted
is essentially the same as that obtained from electron
paramagnetic resonance, but MCD has some advan-
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tages in studying multicomponent systems. The the-
oretical analysis of temperature-dependent MCD
spectra for ZCZ* porphyrin transitions in the low-
spin ferric heme has been also presented [7,8]. Re-
cently we gave a detailed theoretical description of
both the temperature dependence and the shape of
the Soret MCD spectra for the high-spin ferrous [9]
and ferric [10] hemes and obtained the energy level
scheme for the zero-¢eld splitting in these derivatives
of hemoproteins. The utility of low-temperature
MCD spectra for the assignment of near-infrared
bands in these derivatives has also been demon-
strated [11].
Another commonly known heme oxidation state is
the ferryl one (Fe4), which is typical for the inter-
mediates formed in the catalytic cycle of enzymes of
the peroxidase-catalase family. Despite the many dif-
ferences among the members of the family it appears
that all members form similar one- (compound II)
and two-electron (compound I) oxidized intermedi-
ates (for review see [12^14]. It is now well established
by a variety of physical methods that the heme of
both intermediates contains the oxoferryl Fe4NO
ion which has the low-sin d4 con¢guration with the
spin S = 1 [15^22]. The second oxidizing equivalent in
compound I of horseradish peroxidase (HRP), sev-
eral other peroxidases, and the catalases is now gen-
erally believed to occur as a Z-cation radical of the
porphyrin ligand of iron [23^26]. This is in contrast
with compound ES of cytochrome c peroxidase
where the second oxidizing equivalent exists as a
free radical formed from an amino acid [27,28],
most likely from Trp-191 [29]. The ferryl porphyrin
Z-cation radicals were further classi¢ed into two
groups, a1u-like and a2u-like, according to the por-
phyrin Z-orbital from which an electron is removed
[30^32].
Parallel with various spectroscopic methods, com-
pounds I and II of HRP and catalase have also been
studied by MCD spectroscopy [26,33,34]. More re-
cently, detailed magnetic ¢eld and temperature de-
pendences have been reported for HRP I, HRP II
[35], and the hydrogen peroxide product of myoglo-
bin (MbH2O2), which is a model of compound II
[36]. The authors gave an analysis of temperature
dependences of MCD intensity on an empirical basis
and estimated the values of the zero-¢eld splitting
parameter D. A more detailed analysis was not pos-
sible because of the absence of theory of tempera-
ture-dependent MCD for the ferryl heme. In this
paper we derive such a theory and give theoretical
expressions for both magnetic ¢eld and temperature
dependences of MCD for the ferryl heme. The avail-
able low-temperature MCD spectra of HRP II and
ferryl myoglobin are analyzed, and parameters of the
theory are evaluated from the ¢t of observed temper-
ature and ¢eld dependences with predicted ones.
2. Theoretical background
The general expression for temperature-dependent
MCD arising from a spin-allowed, xy-polarized tran-
sition between the ground GP and excited J manifolds
of an arbitrarily oriented molecule is given below
[5,10]:
vOrOL3OR 
3
2K
Q0
X
G0
1G0J exp3EG0=kT f X ; XG0J ; v G0J
1
where
1G0J 
X
J
ImfcosT GG0MmxMJfGJMmyMG0fg 2
where
Q0 
X
G0
exp3EG0=kT;
K = 207.82, if electric dipole moments are given in
Debye units, T is the angle between the molecular
z-axis and the laboratory-¢xed Z-axis directed along
the magnetic ¢eld H, f is a band shape function of
the Gaussian type normalized in such a way that v(f/
X)dX= 1. The summations are over the components
of GP and J manifolds which are degenerate at zero
¢eld. The primed wave functions should be taken
diagonal in the Zeeman perturbation relative to the
applied magnetic ¢eld, and therefore GP is orienta-
tion-dependent. It is the only orientation dependence
not explicitly displayed in 1G0J .
The origin of temperature-dependent MCD for
porphyrin ZCZ* transitions has been outlined ear-
lier for the high-spin heme [9,10]. It was shown by
perturbation analysis that it is necessary to take into
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account the spin-orbit coupling in the ground and
the porphyrin ZCZ* excited manifolds, the con¢gu-
ration interaction in the excited manifold, and the
Zeeman splitting of three Kramers doublets of the
ground manifold which are acceptable for thermal
population. The B band (Soret) MCD was consid-
ered as a sum of three C-type terms originating from
non-interacting (‘isolated’ [5]) Kramers doublets
whose population depends on temperature in accor-
dance with zero-¢eld splitting. The result obtained is
given by
Gv O f  4K m2 FT ;H1=v D f X ; X 0;v =D X 0=v 
3
where
FT ;H 
X3
i1
N siF i;
FiT ;H 
Z 1
0
n=Pisinh nPigei LH=2kT 
exp3E0i =kT1=Q0dn 4
In Eqs. 3 and 4 m is the electric dipole moment of
the transition, L is the Bohr magneton, Pi = (1+(gP/
ge)2i tan
2 T)1=2 is a parameter describing a mixing of
the components of a given doublet in a magnetic
¢eld (gP and ge are components of the g-factor),
n = cos T, Ei0 is the zero-¢eld energy of the ith dou-
blet and Ni is the energy of splitting of excited quar-
tets into doublets through con¢guration interaction
(see below). For the high-spin heme Ns1 :Ns2 :Ns3 =
1:2:3 and Ei0 = 0, 2D, 6D for i = 1, 2, 3, where D is
the parameter of axial zero-¢eld splitting. Eq. 4 has
general application, and it is valid for both ZCZ*
and spin-allowed xy-polarized charge-transfer (CT)
transitions in any other heme system. In particular,
at DCr it reduces to that derived by Schatz et al.
[5] for the ‘isolated’ Kramers doublet. Below we es-
timate appropriate parameters for the ferryl heme.
The energy levels (terms) of the d4 electron system
in a cubic ligand ¢eld symmetry were calculated by
Tanabe and Sugano [37]. The ground term has been
predicted to be 5E or 3T1 for low and high ligand
¢eld strengths, respectively, and other excited terms,
which are the singlets 1T2 and 1E, have much higher
energy. Various spectroscopic data suggest a d 4 S = 1
con¢guration in both (I) and (II) [15^22], and, there-
fore, the 3T1 term is the lowest one. On lowering the
symmetry from the cubic one to D4, 3T1 splits into
the 3E and 3A2 terms and the 5E term into 5A1 and
5B1. As shown earlier for the high-spin ferric heme
[10], if the ground electronic state is non-generate,
the temperature-dependent MCD for the porphyrin
ZCZ* transition is determined by an admixture of
the excited 2S1E terms to the ground one. Hence, in
our analysis of MCD we can adopt the two-term
model in an axial crystal ¢eld symmetry.
The ground manifold of the ferryl heme can be
written as [38]:
3A20  1
2
p Mh R j 2PorM Mh R j 2PorM;
3A21  Mh R j 2PorM;
3A231  Mh R j 2PorM;
5
where h, R, and j are mainly iron orbitals dyz, dxz,
and dxy, respectively, and Por stands for the closed
shell of mainly porphyrin orbitals a1u, a2u, T in the
ground porphyrin state. The ferryl excited states, 3Eh
and 3ER , are obtained by one-electron promotion
jCR,h, respectively.
The ground triplet is split by spin-orbit interaction
with the excited ones into a singlet and a doublet:
G0  3A20  a2W3a=2
3E133E331
ÿ 
G  3A1  a
2W
3E0
6
where a is a constant of spin-orbit coupling, W is
the energy separation between the ground and ex-
cited triplets, and we used a linear combination
E  1=

2
p ER  iEh  for orbitally degenerate ex-
cited states and the approximation WEa. The pa-
rameter of axial zero-¢eld splitting D is given by
V2(W+a/2)/4(W3a/2).
The porphyrin ZCZ* excited states, Bx;y0, Bx;y,
are obtained from Eqs. 5 and 6 by substituting Por*
for Por, where the asterisk denotes one-electron tran-
sitions a1u, a2uCeZgx;gy [39]. The exchange-type con-
¢guration interaction, V  4 isj 1/rij, mixes wave
functions of the excited quartet and splits it into
doublets as shown in Fig. 1. The energy gap between
the doublets is given as NZ = a2V0/4W2, where
V0wGBxh MVMByR fw3GBxR MVMByh f.
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Eq. 4 has been derived under an approximation
that there are no contributions in MCD from tem-
perature-dependent B terms which arise from Zee-
man mixing within the ground manifold. In the
case of the high-spin ferric heme these contributions
have been ignored, since they were small compared
with the C terms at the magnetic ¢eld strengths used
[10]. However, in the ferryl heme the ground state is
non-generate, and the temperature-dependent B term
is the only one arising at excitation from G‡. This
contribution is given by the second term in F(T,H)
for the ferryl heme which follows:
FT ;H  N Z
Z 1
0
n=Q0fsinh2nLH=kTW
exp3D=kT  13n2R3=13n2R22gdn 7
where R = 2LH/D, and we took into account that
gPw0 and ge = 4 for G.
As in the case of the high-spin ferric heme [10],
apart from the ZCZ* transitions the four lowest
spin-allowed x,y-polarized CT transitions from a
porphyrin Z orbital to iron dZ orbitals are predicted
for the ferryl heme:
xxyM ! R   3Exy 1A1;
xyxM ! h   3Eyx 1A1
8
where M is the a1u, a2u, aP2u or b2u orbital. The polar-
ization shown in brackets is for the a1u orbital. The
spin-orbit coupling splits the excited xxy quartet
into doublets and mixes the x and y components in
the same way as is done by combined spin-orbit and
con¢guration interaction in the case of the porphyrin
ZCZ* transition considered above. The energy of
splitting NCT is equal to a/2.
The above expressions have been derived in an
approximation that perturbation theory is applicable
to spin-orbit coupling (a/WI1) and magnetic mixing
between the singlet and the doublet (LH/DI1). Oth-
erwise it is necessary to diagonalize appropriate ma-
trices using computer programs.
3. Results and discussion
Fig. 1 shows the temperature factor F(T,H) calcu-
lated for the ferryl heme by diagonalization of ap-
propriate matrices. For the adopted two-term model,
F(T,H) depends only on one parameter, W, which is
the energy separation between the ground and ex-
cited triplets (Fig. 1, inset). At Ds 10 cm31
(W6 5000 cm31) the temperature dependences calcu-
lated with an approximate expression for the F(T,H)
factor given by Eq. 7 coincide well with the exact
ones shown in Fig. 1.
There are two sets of data for low-temperature
MCD spectra of the ferryl heme suitable for theoret-
ical analysis. Browett et al. [35] reported the temper-
ature dependence of MCD intensity for the Q band
of HRP II, and Foot et al. [36] reported low-temper-
ature MCD spectra for a product of the reaction of
ferric myoglobin with hydrogen peroxide, termed
myoglobin peroxide. It is now well established by a
variety of spectroscopic methods that the Fe(IV) ion
in myoglobin peroxide has the low-spin (d 4, S = 1)
con¢guration with a large positive axial zero-¢eld
splitting [40^43]. Myoglobin peroxide can exist in
acid and alkaline forms which are produced at pH
values below 5 and above 6, respectively.
The temperature-independent MCD term domi-
Fig. 1. Energy level scheme derived for the ferryl heme and
simulated plots of the F(T,H) factor. The plots were obtained
by diagonalization of matrices of the spin-orbit and Zeeman in-
teractions for a set of values of W at a ¢xed value of the param-
eter of con¢guration interaction, V0. At W6 5000 cm31 Eq. 7 is
a good approximation for F(T,H).
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nates over the temperature-dependent one in the Q
band region of both forms, while the reverse relation
is observed outside the region. The temperature de-
pendences of MCD intensity observed for acid my-
oglobin peroxide at 543 nm of the Q band and at
some other wavelengths are shown in Figs. 2 and 3,
respectively. In accordance with the theoretical pre-
diction for the ferryl heme, the temperature depen-
dence of the Q band MCD intensity goes through a
maximum, while saturation behavior is observed at
450, 480, and 585 nm. It was shown above that the
temperature behavior of MCD intensity should be
the same for the porphyrin ZCZ* and spin-allowed
CT transitions. Thus, we have to conclude that there
is an admixture to the ferryl heme of some other
spin-oxidation form(s) of the heme. It may be either
high-spin ferric myoglobin which has not reacted
with hydrogen peroxide or any low-spin ferric myo-
globin derivative which was present in myoglobin or
was formed on freezing of the sample. The CT tran-
sitions at V450 and 480 nm are observed in MCD
spectra of both high-spin and low-spin derivatives of
hemoproteins [4,10]. In Fig. 3 the observed temper-
ature dependences are compared with the predicted
ones for the high-spin and low-spin hemes. For con-
venience of comparison all dependences are normal-
ized to 4.2 K. The predicted dependence for the high-
spin heme is calculated using Eq. 4 derived earlier
[10] and the D value of 9.5 cm31 estimated for ferri-
myoglobin [44]. The temperature dependence of the
MCD intensity for the low-spin heme can also be
calculated from Eq. 4 in the limit DCr when it
reduces to that given by Schatz et al. [5] for the
‘isolated’ Kramers doublet and pure xy-polarized
transition. The results of calculation for two sets of
ge and gP are shown in Fig. 3.
Fig. 3 shows clearly the presence of an admixture
of predominately low-spin ferrimyoglobin in the
sample of myoglobin peroxide. This is not surprising
if we take into account that the magnitude of tem-
perature-dependent MCD for low-spin ferric hemo-
proteins is V100 times greater than that observed
Fig. 2. Comparison of the observed temperature dependences of
MCD intensity for acid myoglobin peroxide [36] and HRP II
[35] with those simulated under approximation of the absence
(¢t 1) or the presence (¢t 2) of a contribution of the low-spin
component to the Q band MCD. The simulated plots were cal-
culated using Eq. 10 and the best ¢t values of parameters Nz/NZ
and W listed in Table 1.
Fig. 3. Comparison of the temperature-dependent MCD inten-
sity against 1/T for acid myoglobin peroxide with those simulat-
ed for the high-spin and the low-spin hemes. The temperature-
dependent MCD was obtained by subtraction of the tempera-
ture-independent contribution from the observed MCD intensity
[36]. The simulated plot for high-spin heme was calculated us-
ing Eq. 4 with D = 9.5, reported for ferrimyoglobin [44], and
(gP/ge)i = 3, 0, 0 for i = 1, 2, 3. Plots for the low-spin heme were
also calculated with Eq. 4 in the limit DCr. All plots are nor-
malized to 4.2 K.
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for the high-spin heme [4,6,10] and an overall MCD
intensity in the Q band of myoglobin peroxide.
Therefore, the presence of V1% of the low-spin de-
rivative in a sample of myoglobin peroxide can give a
contribution in MCD comparable with that originat-
ing from the ferryl heme.
The observed di¡erence in the magnitude of tem-
perature-dependent MCD for various oxidation-spin
states of heme iron is predicted by Eqs. 4 and 7.
Generally, the energy of splitting of the ith ZCZ*
excited quartet is given by the expression:
N iwGLzfGi V0 9
where GLzfGi is an average expected value of the z
component of the angular momentum for the ith
ground doublet. In the low-spin ferric heme the
ground term 2E is orbitally degenerate and
GLzfGiW1. In the ferryl or high-spin ferric heme
with the non-generate ground term the angular mo-
mentum is induced through spin-orbit coupling with
the excited 2S1E term:
GLzfGiV
a2
W 2
where WW2000 (see below) and 5500 cm31 [45], re-
spectively. Under the approximation that the values
of m2, v, and V0 in Eqs. 3 and 9 are the same for the
three hemes and aW430 cm31, the ratio of the max-
imal values of temperature-dependent MCD intensity
at 5 T for the ferryl heme, high-spin and low-spin
ferric heme can be estimated as 1:1.6:1000.
In the Q band of the ferryl heme the temperature-
independent MCD signal dominates over the temper-
ature-dependent one. The intensity of the tempera-
ture-invariable MCD is given by Eq. 3 after replace-
ment of F(T,H) with the Zeeman splitting Nz of the
excited states
N z  0:5GLzfeLH
where GLzfe is the z component of the angular mo-
mentum in the excited states and factor 0.5 takes into
account averaging over orientation of molecules.
Fig. 4. Comparison of the observed (circles) temperature de-
pendences of MCD intensity for alkaline myoglobin peroxide
[36] with those simulated under approximation of the absence
(¢t 1, dashed line) or the presence (¢t 2, thick solid line) of a
contribution of the low-spin component (thin solid line) to
MCD of the Q or CT band. The simulated plots were calcu-
lated using Eq. 10 and the best ¢t values of parameters Nz/NZ
and W listed in Table 1.
Table 1
The best ¢t values of the parameters used in simulation of the temperature dependences of MCD intensity of compound II of HRP
and of acid and alkaline myoglobin peroxide
Fit 1 Fit 2
W (cm31) D (cm31) Nz/NZ W (cm31) D (cm31) Nz/NZ
Myoglobin peroxide
acid, 543 nm 1610 35.3 0.107 1660 34.0 0.066
alkaline, 532^550 nm 2620 20.3 0.071 1890 29.2 0.032
alkaline, 572^550 nm 2020 27.1 0.045 1750 32.0 0.026
alkaline, 720^745 nm 1740 32.2 0.008 1750 32.0 0.008
Compound II of HRP
Q band, peak-to-trough 2050 26.8 0.111 1930 28.7 0.087
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Therefore, for the overall MCD signal we have:
vOVN z=N Z  FT ;H=N Z 10
I have carried out the ¢tting between the observed
and predicted temperature dependences of MCD in-
tensity for the ferryl heme under two approxima-
tions. First, it was supposed that there is no contri-
bution from low-spin admixture to MCD bands of
the ferryl heme analyzed. Besides the parameter W (or
D), another adjustable parameter was the ratio Nz/NZ
in Eq. 10. The quality of ¢t for the Q bands of acid
myoglobin peroxide and HRP II is shown in Fig. 2
with the dashed line. The results for alkaline myo-
globin peroxide are displayed in Fig. 4. In the second
¢t, a possible contribution of the low-spin heme to
the observed temperature-dependent MCD intensity
has been taken into account by the third adjustable
parameter. The quality of the second ¢t and the con-
tributions from the low-spin heme are shown in Figs.
3 and 4 with the thick and thin solid lines, respec-
tively. The values of the adjustable parameters ob-
tained by non-linear least-squares ¢tting are listed in
Table 1.
Some conclusions can be drawn from Figs. 2 and 4
and Table 1. First, the band atV730 nm observed in
MCD of alkaline myoglobin peroxide can be as-
signed to the spin-allowed xy-polarized CT transi-
tion. Second, the low-spin heme undoubtedly con-
tributes to the Q bands of acid and alkaline
myoglobin peroxide. This contribution is very small
for the Q band of HRP II and absent for the CT
band of alkaline myoglobin peroxide. Third, in ac-
cordance with the theory, if the contribution from
the low-spin heme is taken into account, approxi-
mately the same value of D is obtained from analysis
of the MCD intensity of alkaline myoglobin peroxide
at three di¡erent wavelengths. When the contribution
from the low-spin heme is ignored, the estimated D
values di¡er by 12 cm31. And ¢nally, the value of the
ratio Nz/NZ = 0.008 obtained from analysis of the CT
band is in good accordance with the expected one.
Indeed, for the CT transition GLzfeW1, NCT = a/2
w200 cm31 and, therefore, the calculated ratio is
0.006.
Our D values agree within 3 cm31 with those re-
ported by Browett et al. [35] and Foot et al. [36] for
HRP II and myoglobin peroxide, respectively. The
authors used a simple model [46] with two or three
non-speci¢ed parameters, in addition to D. In our
simulation of the MCD intensity against 1/T we
used two well-speci¢ed parameters which determine
the energy level scheme for both the ground and
excited manifolds.
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